Abstract: Frequency shifts of light scattered from either a deterministic or random medium have shown great importance in remote sensing imaging applications, however, such scattering system which combines random scatterer with obstacles has not been specifically discussed so far. To solve this problem, we derive analytical expressions for showing the phenomenon that the Young's pinhole wave scattered from a quasi-homogeneous (QH) medium exhibits the red shift of spectral lines, while the first-order Born approximation is applied to treat the weak scattering between the diffractive wave and the medium. The shifted amount of spectrum is strongly dependent of the scattering angle, correlation length of the medium, and Young's pinhole parameter. Furthermore, we also observe that the red shift of the scattered spectrum converts to the blue shift when the correlation length reaches a certain magnitude. Through numerical simulations, analyses are performed on revealing the effects of Young's pinhole parameter and medium's correlation on the spectral shift and spectral switch of the scattered spectrum.
Introduction
The precise measurement of light spectrum is a crucial task in astronomy science, remote sensing imaging, and target recognition [1] - [3] . In the spectral analysis work, scientists defined the "red shift" to represent the spectral line of light moving towards lower frequency, and "blue shift" to describe the spectral line moving towards higher frequency. Since 1986, Wolf and his colleagues have considered an important question: whether spectral profile of light could remain the same when it propagates in free space. They found that the peak location of light spectrum generally is red shifted unless the spectral degree of the coherence (SDOC) of the light satisfies the scaling law [4] . Such discovery was soon testified by the experiments that showed that light upon the propagation exhibits either red or blue shift in its spectral lines [5] . Within the first-order Born approximation, results indicated that when a beam radiated from a planar source scatters upon a spatially random medium, the scattered spectrum probably changes, depending on source's and medium's statistical properties [6] - [8] . Within the frame of the second-order Born approximation, it was presented that the light scattered from a spatially random medium shows the red shift in its spectral lines [9] . Comparisons were done between the results by using the second-order and first-order Born approximations [10] . Furthermore, sufficient conditions were obtained for the far-field spectrum of the scattered field that has identical distribution at every scattering direction, providing that the correlation function of the medium obeys the scaling law [11] .
By modeling the correlation function of a collection of particles, the spectral changes of light produced by the static scattering of a polychromatic wave upon collections of particles were investigated. It was shown that the spectral changes of the scattered field provide useful information to determine statistical parameters of an unknown scatterer [12] . Later, scientists used the scaling law to study the propagation properties of stochastic electromagnetic beams [13] , while others proposed methods for determining statistical parameters of an unknown scatterer based upon the principle of spectral changes induced by medium's correlations [14] . Recently, Zhao et al. investigated the spectral shift of light induced by the scattering of plane wave from a collection of particles [15] . The rapid transition of the scattered spectrum from red shift to blue one can be observed when the azimuthal scattering angle is increased from zero to π/2.
In addition, Gao et al. revealed the effects of correlation of biological tissue on spectral changes of the scattered field. They showed that the back-scattered light spectrum from tissue medium exhibits the extraordinary blue shift [16] - [18] . Based on this result, Zhao et al. further extended to the study scope to the case where the scattering of a polychromatic plane wave from a rotational quasi-homogeneous (QH) anisotropic medium was considered. Their results indicated that the spectral shift of the scattered field is closely related to the rotation of the scatterer with respect to its origin [19] .
In this paper, we aim to study the spectral shifts and spectral switches of a plane wave from Young's pinholes scattering upon a spatially QH medium. In our previous research, we have devoted to studying the spectral shifts and spectral switches of plane waves scattered from a variety of medium, either in the far field [20] , [21] or near zone [22] , [23] . We will show that the red shift occurs in spectral lines which has a strong dependence on the scattering angle, correlation length of the medium, and Young's pinhole parameter (YPP). In particular, when the correlation length is sufficiently small, the scattered spectrum is blue-shifted at any specified scattering angle. Our findings provide in-depth insight to the diffractive light from obstacles scattering upon a QH medium.
Scattering of Young's Diffractive Light Upon a QH Medium
To begin with, we first assume that a scalar polychromatic plane wave transmits through a pair of Young's pinholes and then scatters upon a QH medium, as shown in Fig. 1 . An opaque screen A with two pinholes Q (ρ 1⊥ ) and Q (ρ 2⊥ ) truncates the incident plane wave.ρ 1⊥ andρ 2⊥ are the projective vector ofρ 1 andρ 2 onto a transversal plane, and ϕ 1 and ϕ 2 are the azimuthal angles associated witĥ ρ 1 andρ 2 , respectively. The medium occupies a finite spatial volume D, P (r 1 ) and P (r 2 ) are the points where the diffractive wave further interacts with the QH scatterer.r 1 andr 2 represent position vectors of the scattered field,ŝ 1 andŝ 2 are unit vectors correspond to position vectorsr 1 andr 2 , respectively. θ 1 and θ 2 are the scattering angles betweenŝ 1 ,ŝ 2 and the propagation direction. 
where R αβ (α = 1, 2; β = 1, 2) is the radial distance between P (r α ) and Q (ρ β ), dS is pinhole area, c denotes the speed of light in vacuum. Equations (1) and (2) hold valid only when the divergence angle of the diffractive wave is small. The incident plane wave has the electric field
where a(ω) is the incident field amplitude which may depend on frequency,ŝ 0 is the unit vector that represents the propagation direction of the wave. The cross-spectral density function (CSDF) of the diffractive wave from Young's pinholes at P (r 1 ) and P (r 2 ) is defined by
where the asterisk denotes the complex conjugate, the angle bracket represents the ensemble average over the realization of the electric field. Upon substituting from (1) and (2) into (3), the CSDF of the diffractive wave has the form
where
is the spectrum of the incident plane wave. As we have assumed before that the divergence angle of the diffractive wave is sufficiently small, and R αβ is sufficient large compared with the pinhole space d, so R αβ in the denominator of (4) can be approximated to a constant R, i.e.,
Furthermore, we suppose that Young's pinholes are located symmetrically with respect to the propagation direction, as shown in Fig. 1 . As a consequence, the relation should be fulfilled
As the diffractive wave can be approximately regarded as a paraxial beam, the approximations can be made to the differences of R αβ in the exponential terms of (4)
where d is the space between pinholes, r j⊥ ( j = 1, 2) represents the modulus ofr j . In the following analysis, we introduce the unit vectorê 0 which is perpendicular toŝ 0 (see Fig. 1 ). Then the relations between the unit vectors are given by
Upon substituting from (5)- (11) into (4), the CSDF of the diffractive wave gives arise to the analytic form
From (12), we may conclude that the first term within the brace comes from the diffractive wave from each pinhole, while the second and third terms are the interference wave produced by Young's pinholes.
Based on (12), we resort to study the scattering properties of the diffractive wave upon a spatially QH medium. Within the accuracy of the first-order Born approximation, the CSDF of the scattered field in the far zone is represented by the integration [27] 
where r j = |r j | is the modulus ofr j . In reaching (13), the far-field approximation of the Green's function has been applied [1] , [27] . The subscript "D" indicates that the integration is over the entire scatterer volume. C F is the correlation function of the QH medium which can be written as the product of the strength and normalized correlation coefficient (NCC) of the scattering potential [27] - [34] 
where S F (.) and η F (.) are the slow and fast varying functions with respect to their variables. Upon substituting from (12) and (14) into (13) and making changes of the integral variableŝ
Then the CSDF of the scattered field can be rewritten as the integral form
By performing the Fourier transforms in (16) , the CSDF of the scattered field can be further represented by the explicit form
The scattered spectrum in the far zone can be obtained by letting the position vectors be the same in (17)
Equation (18) contains two kernels: the Fourier transforms of the strength and NCC of the scattering potential. The first kernel within the brace of (18) comes from the diffractive wave from each pinhole, while the second and third terms are contributed by the interference wave produced by Young's pinholes. Recalling the property that the Fourier transform of the strength of the scattering potentialS F (.) varies rapidly with respect to its variable, andS F (.) reaches its peak value at the originS F (0), it follows that the relations should be satisfied
By contrast, the Fourier transform of the NCCη F (.) is a slowly varying function with respect to its variable [27] - [34] η
By using (19) and (20) , the scattered spectrum in the far zone can be rearranged as the alternative form
In (21),S F (0) can be approximated to a constant, so the scattered spectrum only depends on the Fourier transform of the NCC of the scattering potential. This result implies that the far-zone scattered spectrum definitely satisfies the reciprocity relation within the frame of the weak scattering theory.
In what follows we will assume a special case where the strength and NCC of the scattering potential obeys the Gaussian distributions
where δ s is the effective width, and δ η is the correlation length [32] - [34] . Upon substituting from (22) into (21) and performing the Fourier transforms, the scattered spectrum can be represented by the explicit, optional form
Equation (23) indicates that the scattered spectrum generally is not same as that of the incident plane wave. Then let us focus on the normalized spectrum of the scattered field which is defined by [1] , [4] , [11] , [13] 
If we assume that the spectrum of the incident plane wave is Gaussian, i.e.,
where σ 0 denotes the spectral width, ω 0 is the central frequency. Upon substituting from (24) and (25) into (23) and performing the integration over frequency, the normalized spectrum of the scattered field results in
and 
where erf (.) represents the error function. Equations (26)- (28) show that the normalized spectrum of the scattered field generally shifts from its original central frequency. The spectral shifts not only depend on the spectral width σ 0 and central frequency ω 0 but are also related to the ratio d/R , correlation length δ η , and scattering angle θ. By using these derived formulas, we can discuss the dependence of the spectral shifts of the scattered field on different sets of parameters of the scattering system.
Numerical Results and Discussions
In this section, numerical results are shown to study the spectral shifts of the scattered field. The uniform parameters for simulations are: = 3.2 × 1015 s −1 , σ 0 = 0.6 × 1015 s −1 , λ 0 = 2πc/ω 0 = 600 nm with λ 0 and c being the central wavelength and speed of light in vacuum, respectively. Fig. 2 shows the normalized spectrum of the scattered field changing versus the scattering angle θ for different Young's pinhole parameters d/R , while the correlation length is kept fixed as δ η = λ 0 . It is indicated that the scattered spectrum becomes red-shifted and depends on the ratio d/R . When d/R = 0, the plane wave propagates through an individual pinhole, the normalized spectrum is independent of the scattering angle. By contrast, the spectrum is susceptible to variation of the scattering angle when d/R = 0. For the case d/R = 2, the normalized spectrum splits into two separate petals [see Fig. 2(d)] . Fig. 3 displays the normalized spectrum of the scattered field located at the forward scattering direction (θ = 0) changing versus d/R for different correlation lengths of the medium. The shifted amounts of the scattered spectrum become more apparent for larger d/R . Furthermore, the scattered spectrum exhibits blue shift when the correlation length decreases. Particularly, when the correlation length is δ η = 0.5λ 0 , the scattered spectrum is blue-shifted [see Fig. 3(c) ]. The blue shift of the spectrum can be further enhanced by reducing the correlation length to δ η = 0.2λ 0 . Fig. 4 presents the normalized spectrum of the scattered field changing versus the ratio δ η /λ 0 for different scattering angles, while the Young's pinhole parameter is kept fixed d/R = 0.5. Similar to Fig. 3, Fig. 4 shows that the peak location of the scattered spectrum deviates from the original central frequency when increasing the correlation length. Besides, the spectral width narrows when the scattering angle is increased. Moreover, the scattered spectrum converts from the blue shift to red one when the correlation length increases to a certain magnitude. Such result can been explained as the correlation effect on spectral changes of light field [6] - [9] , [14] . Fig. 4 . The spectrum of the incident plane wave is also plotted in each figure for comparison. Fig. 5(a) indicates that the scattered spectrum is red-shifted if the scattering angle increases. When d/R = 0.5, the scattered spectrum has almost no dependence on the scattering angle. To quantitatively analyze the spectral shift-amount of the scattered field, it is convenient to introduce the relative spectral shift [6] - [9] , [12] where ω max is the central frequency where the spectrum reaches its maximum. The relative spectral shift changing versus the correlation length for different scattering angles is shown in Fig. 8(a) where d/R = 1. It can be noticed that when δ η = 0.2λ 0 and δω ω 0 ≈ 0.03, the scattered spectrum is blue-shifted. However, when the correlation length is larger, the relative spectral shift decreases until approaches negative values. For instance, when δ η = λ 0 , the relative spectral shifts are 
Conclusion
In summary, we study the spectral shifts and spectral switches of a polychromatic plane wave from Young's pinholes scattering upon a QH medium. It is shown that the spectrum of the scattered field exhibits red shift for particular sets of medium parameters. The spectral shift is dependent of the scattering angle, correlation length of the medium, and Young's pinhole parameter d/R . For larger correlation length, the scattered spectrum converts from the red shift to blue one, indicating the spectral switches of the scattered field. These theoretical results will provide important applications to the determination of an unknown scatterer by spectral analyses of its far-zone scattered field. Future work can continue apply our results in remote sensing study which utilizes spectral information from a detector to determine statistical properties of space objects. Our findings can be also beneficial to the free-space optical communications where the spectral information from scatterer can be used for the optimization of the signal quality in optical channels. Specifically speaking, the spectral shift and spectral switch amounts of the scattered field provide important information to measure structural properties of obstacles and random statistics of medium, provided that the inverse scattering approach is employed to achieve the task by collecting the scattered properties in the far zone. These applications examples essentially show that our results have a broad application to a variety of relevant research fields in optics.
